Diagnostics of the beam transverse profile with ever more demanding spatial resolution is required by the progress on novel particle accelerators -such as laser and plasma driven accelerators -and by the stringent beam specifications of the new generation of X-ray facilities. In a linac driven Free-Electron-Laser (FEL), the spatial resolution constraint joins with the further requirement for the diagnostics to be minimally invasive in order to protect radiation sensitive components -such as the undulators -and to preserve the lasing mechanism. As for high resolution measurements of the beam transverse profile in a FEL, wire-scanners (WS) are the top-ranked diagnostics. Nevertheless, conventional WS consisting of a metallic wire (beam-probe) stretched onto a frame (fork) can provide at best a rms spatial resolution at the micrometer scale along with an equivalent surface of impact on the electron beam. In order to improve the spatial resolution of a WS beyond the micrometer scale along with the transparency to the lasing, PSI and FERMI are independently pursuing the technique of the nano-lithography to fabricate a free-standing and sub-micrometer wide WS beam-probe fully integrated into a fork. Free-standing WS with a geometrical resolution of about 250 nm have been successfully tested at SwissFEL where low charge electron beams with a vertical size of 400 − 500 nm have been characterized. Further experimental tests carried out at SwissFEL at the nominal beam charge of 200 pC confirmed the resilience to the heat-loading of the nano-fabricated WS. In this work, details on the nano-fabrication of free-standing WS as well as results of the electron-beam characterization are presented.
I. INTRODUCTION
Wire-scanners (WS) constitutes a precious complement to view-screens for monitoring the transverse profile of the electron beam in a linac [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Because of the multi-shot and mono-dimensional reconstruction of the beam transverse profile, WS are not timewise competitive with view-screens for beam finding and for matching the magnetic optics in an electron linac. WS are inappropriate for slice emittance measurements as well. Nevertheless, WS are a unique and essential diagnostics whenever the beam characterization requires a high spatial resolution along with a minimal invasivity to the beam operation. The spatial resolution of a WS depends on the measurement resolution of the wire positioning, on the possible wire vibrations and, finally, on the geometry of the wire. The geometrical resolution of a WS is inversely proportional to the wire width. This also determines the surface of impact of the wire with the electron beam and * Electronic address: gianluca.orlandi@psi.ch hence the wire transparency to the beam (also depending on the wire thickness for non-cylindrical wires). Conventional WS solutions -as normally in operation in several free-electron lasers (FELs) -are realized according to the standard technique to fix and stretch a metallic wire (beam-probe) onto a metallic frame (fork). They are able to attain a spatial resolution at the micrometer scale [10] which is at least an order of magnitude higher than the spatial resolution of a typical view-screen operating in a FEL [11, 12] . Low charge and low emitance machine operation modes -presently under investigation in several FEL facilities -requires the characterization of ever smaller beam profiles. This triggers the community of the electron-beam diagnostics to push forward the resolution limit of the conventional WS beyond the micrometer limit. In order to improve the WS spatial resolution, new fabrication techniques are under investigation at PSI and FERMI. At PSI, a WS prototype with a sub-micrometer resolution nano-fabricated on-amembrane (250 nm thick Silicon Nitride membrane) was successfully tested [13] ; while at FERMI a free-standing nanofabricated WS with a resolution of about 10 µm has been successfully tested [14] . These experiences paved the way to use the nano-litography technique to fabricate free-standing WS with sub-micrometer resolution, a goal that PSI and FERMI have independently pursued. The PSI and FERMI nano-fabricated WS consist of a free-standing Au stripe fully integrated in a Silicon frame. With a stripe width (w) of 800 nm and 900 nm, respectively, the PSI and FERMI WS attain a geometrical resolution ( w √ 12 ) of about 250 nm. They have been experimentally tested at SwissFEL at nominal and low bunch charge regime (200 pC and below 1 pC, respectively). The experimental tests carried out at SwissFEL demonstrated the capability of these novel WS solutions to resolve beam profiles with a size of 400−500 nm as well as the necessary resilience to the heat-loading at nominal machine operations (200 pC).
In section II, state of the art in conventional WS in operation at SwissFEL are presented as well as previous experimental results achieved at PSI and FERMI in the WS nano-fabrication. In section III, the techniques respectively applied by the two laboratories to nanofabricate free-standing WS with sub-micrometer resolution are presented. In section IV, the SwissFEL machine set-up and the results of the electron beam test of the novel sub-micrometer WS are finally presented.
II. FROM CONVENTIONAL TO NANO-FABRICATED WIRE-SCANNERS

A. Conventional wire-scanners
At SwissFEL [15] [16] [17] , about 20 WS are installed all along the machine for routine monitoring of the beam transverse size and for emittance measurements [10, 18] . The design and fabrication of the SwissFEL WS is based on the traditional technique to fix and stretch thin metallic wires onto a fork. The SwissFEL WS fork is equipped with two independent pairs of cylindrical metallic wires of different material and diameter (D): 5 µm tungsten (W) wires and 12.5 µm Al(99):Si(1) wires. The spatial resolution of the SwissFEL WS is dominated by the geometrical resolution of the wires (D/4) [10] . With a lower density and a smaller atomic number compared to tungsten, the Al(99):Si(1) wires are dedicated to the routine monitoring of the beam profile during lasing operation at SwissFEL [10] . The thinner and more precise tungsten wires instead are employed for high resolution measurements of the emittance when the undulator line is protected by the beam stopper [19] .
The standard WS manufacture based on a metallic cylindrical wire stretched onto a fork suffers from an intrinsic limitation due to the minimum achievable wire diameter. It is indeed difficult to procure on the market metallic wires with a diameter smaller than a few micrometers. It is even more difficult to find a reliable technique for fixing and stretching metallic wires with a diameter of a few micrometers onto a metallic frame. Hence the necessity to investigate new WS fabrication techniques in order to improve the geometrical resolution of a WS measurement beyond the micrometer scale. The enhancement of the spatial resolution of a WS is also beneficial to the transparency of a WS measurement to the lasing process. With the reduction of the wire width (w) and the thickness (t) -at the limit t → w -on the one hand, the impact surface of the wire with the beam -and hence the fraction of the electrons in the beam sampled by the wire at every machine shot -gets smaller and, on the other hand, the matching of the scanned beam with the energy and angular acceptance of the entire machine improves. Spatial resolution, beam invasivity and lasing transparency are strictly related features of a WS. A comparative study of the wire invasivity to the beam and transparency to the lasing has been carried out at SwissFEL and the results are shown in fig.(1) . Measurements of the transverse profile of the electron beam performed with homologous 5 µm W or 12.5 µm Al(99):Si(1) wires are shown in fig. (1) together with beam-synchronous measurements of the laser pulse energy measured by a gas-detector [20] . Compared to the W wire, the lower density and smaller atomic number of the Al(99):Si(1) wire are beneficial to the machine protection thanks to a reduction of the beam-losses by a factor 3 − 4, as shown in fig.(1) . On the other hand, compared to the 5 µm W, the scanning of the electron beam with the 12.5 µm Al(99):Si(1) does not improve the lasing performance because of the larger surface of impact with the beam and the consequent larger number of electrons perturbed by the wire. As a final comment, it is worth noting that, when passing from the 5 µm W to 12.5 µm Al(99):Si(1) wire, the observed reduction of the beam-losses -see fig. (1) -is consistent with a numerical calculation based on the formula expressing the energy radiated by a ultra relativistic electron in matter [21] , see Appendix section VI.
In order to enhance the spatial resolution beyond the micrometer scale and, in parallel, to improve the general performance of a FEL in terms of machine protection and lasing efficiency, the room to improve the design and the manufacturing technique of the conventional WS based on metallic wires stretched onto a fork seems to be very narrow. These are the premise and the motivation driving PSI and FERMI to investigate new techniques to design and fabricate WS with sub-micrometer spatial resolution. 
B. Nano-fabricated wire-scanners: first developments
With the goal of improving the spatial resolution of the WS beyond the micrometer limit along with minimizing the perturbation effects on the lasing, PSI and FERMI are independently investigating new solutions of WS fabrication. Electron beam lithography has been chosen as the most promising technique to fabricate minimally invasive wire-scanners with a sub-micrometer resolution. Thanks to the electron beam lithography, it is indeed possible to obtain a complete WS probe+fork system manufactured as a unique structure by applying a nano-fabrication process to an initial lithographic footprint over a substrate.
At PSI, the strategy to achieve this goal passed through the initial nano-fabrication of a WS prototype consisting of a 1 µm wide Au stripe electroplated onto a thin Silicon Nitride membrane (WS on-a-membrane). After the successful experimental test of this prototype [13] , a further progress was achieved at PSI with the nano-fabrication of a WS consisting of a 2 mm long and 800 nm wide Au stripe free-standing over a rigid Silicon frame, see fig.(2a) .
At FERMI, the WS nano-fabrication strategy was different. A first WS prototype consisting of a 10 µm wide Ag/Si 3 N 4 /Ag stripe free-standing onto a Silicon frame was initially nano-fabricated and tested at FERMI [14] . Finally, an upgrade of the previous free-standing WS solution consisting of a 0.8 mm long and 900 nm wide Au/Si 3 N 4 /Au stripe has been produced at FERMI, see fig.(2b) .
Both PSI and FERMI free-standing WS solutions with a sub-micrometer geometrical resolution (250 nm) have been experimentally characterized at SwissFEL in the same measurement sessions. Details on the nanofabrication process are presented in the following section. The fabrication of the free-standing gold nano-wires started with coating a double-side polished Si(001) wafer by a 250 nm thick Si 3 N 4 layer. By performing aligned optical lithography on both sides of the wafer, square windows in the optical resist of the size 2 × 2 mm 2 have been defined. By Reactive Ion Etching (RIE) with CHF 3 /O 2 /Ar plasma for 3.5 minutes, this pattern has been transferred into the Si 3 N 4 layer at the top and the bottom of the wafer. Then, the entire top side of the wafer has been evaporated by a stack of T i(5nm)/Au(15nm)/T i(5nm). The gold layer is acting as a seed layer for gold electro-deposition, while titanium improves the adhesion of gold to the wafer or to the e-beam resist. The latter, a film of poly(methyl metacrilate) (PMMA) with the thickness slightly exceeding the target height of the nano-wires by approximatively 100 − 200 nm, has been spin-coated and baked out on a hot plate at 175 • C for 15 minutes. Using a 100 keV e-beam lithography system Vistec EBPG 5000Plus (Raith GmbH), lines of different width in the range from 300 nm to 2 µm, spanning across the Si 3 N 4 windows, i.e., with the length of about 2.5 mm, have been exposed. After the development of the sample in an Isopropanol:DI water (7 : 3 by vol.) solution, a reactive ion plasma (RIE) etching step in BCl 3 gas has been performed (SI500, Sentech GmbH) to remove the upper T i layer. Subsequently, gold nano-wires have been electroplated to the required height (slightly thicker than 2 µm). In order to turn the fabricated nano-wires into free-standing ones, the metal seed layer as well as the bulk Si had to be removed. First, a sequence of RIE with BCl 3 and the Ar ion beam milling has been performed until reaching the Si surface. The very last step of removing Si inside the Si 3 N 4 window supporting the nanowires has been completed in KOH bath (20% wt. in H 2 O) at 75 • C. Finally, the samples with free-standing nano-wires have been rinsed in a hot DI H 2 O and dried slowly on air. The fabrication of the FERMI WS is based on a twoside process: the geometry of the wire on the front side and of the frame on the back side is drawn in fig.(3) . On a silicon wafer coated with 2 µm low stress LPCVD silicon-nitride (Si 3 N 4 ), 150 nm thick Chromium film are deposited by DC magnetron sputtering on both sides. On the back side, the pass trough area of the device is defined by classical proximity UV lithography. After the wet etching of the exposed chromium layer, the silicon-nitride film is etched in ICP-RIE (SF 6 − O 2 − C 4 F 8 , power), and the silicon is thinned up to 50 µm in KOH solution. A second UV lithography/Cr etch step allowed to define the window where the wires will be hosted. Before the dry etching of the silicon-nitride layer, the definition of the pattern of the micro wire is achieved by exposing a PMMA thin layer (AR-P671-05, 2000 rpm) by an EBL like system (Zeiss Leo 1540 equipped with external module Raith pattern generator): on each device we produced 6 structures with different width. After the deposition of 100 nmthick Ni mask on the samples, trough a lift off process, the structures are transferred in the Si 3 N 4 by dry etching in ICP-RIE. The samples are then transferred in KOH for the removal of the residual layer of silicon on the bottom of the wires; finally the device is rinsed from KOH by a suitable procedure, consisting in the sequential dip into hot water-cold water and in water solutions with increasing content of ethanol. The last step is the dipping in pure ethanol and the drying by low evaporation of solvent in ethanol saturated ambient. This long procedure avoid the suspended structures to collapse under the surface tension forces of water. The devices are then coated with a film of T i − Au (10 − 500 nm) by egun evaporation; the deposition on both sides guarantee minimizing the added stress and the resulting undesired wire bowing. An example of the achieved structures is shown on fig.(4) . It should be noticed here, that the metal film provides also the good electrical conductivity to the whole structure, avoiding possible charging effects during the FEL electron beam exposure. FIG. 5: Free-standing WS with sub-micrometer resolution installed in the sample holder. From the top to the bottom: PSI chip equipped with 2 Au stripes with a width of 2 and 1 µm (P SI > 1 µm); PSI chip equipped with a standard cylindrical W wire with a diameter of 5 µm (5um − W − wire); PSI chip equipped with 2 Au stripes with a width of 1 and 0.8 µm (P SI < 1 µm); FERMI chip equipped with 6 Au stripes width ranging from 2.5 to 0.9 µm (F ERM I). As described in the present work, the electron-beam characterization at SwissFEL mainly focused on the free-standing WS with the best geometrical resolution, i.e., the PSI 0.8 µm and FERMI 0.9 µm wide stripes.
IV. EXPERIMENTAL SET-UP AND RESULTS
The electron-beam test of the PSI and FERMI prototypes of free-standing WS with a sub-micrometer resolution has been carried out at SwissFEL during several beam time sessions.
SwissFEL is a X-ray FEL facility [15] [16] [17] in operation at Paul Scherrer Institut. Driven by a rf linac -a S-band injector and a C-band accelerator -in the beam energy range 2.1 − 5.8 GeV, SwissFEL is presently producing tunable and coherent hard X-ray pulses in the wavelength region 0.7 − 0.1 nm (ARAMIS undulator line) and, by 2021, will also generate soft X-ray radiation in the wavelength region 7 − 0.7 nm (ATHOS undulator line).
The characterization of the free-standing WS has been performed at a beam energy of about 300 MeV downstream the SwissFEL injector in a multi-functional vacuum chamber, the so called ACHIP chamber in the injector [22] . In the ACHIP chamber, a 4-slot sample holder can be inserted vertically into the beam line by means of a UHV feed-through motorized by a 2-phase stepper motor and equipped with an encoder. Therefore, only WS measurements of the vertical profile of the electron beam are possible. Thanks to a load-lock pre-vacuum chamber, the WS structures can be positioned onto the sample holder of the chamber with a minimal perturbation of the machine vacuum. The picture in fig.(5) shows the FERMI nano-fabricated WS (at the very bottom of the sample holder), the 2 PSI nano-fabricated WS and, in between them, a reference WS consisting of a 5 µm W wire. At SwissFEL, a WS measurement of the beam transverse profile is achieved by correlating the wire position measured by the encoder and the beam-losses detected by a Beam-Loss-Monitor (BLM) [23] that, in this particular case, is about 2 m downstream the vacuum chamber. Studies to optimize the distance WS-BLM at SwissFEL are reported in [10] .
The PSI and FERMI free-standing WS were in parallel tested on the electron beam of SwissFEL in two different days at a beam energy of about 300 MeV. In both measurement sessions, SwissFEL was operated according to a low-emittance and low-beta setting [13] . Low-emittance operations at SwissFEL are possible thanks to a lowcharge setup (below 1 pC) of the rf gun photo-cathode which allows for a normalized vertical emittance (ε n,y ) of about 55 nm. Thanks to a suitable magnetic optics (low- In fig.(6) , several beam vertical profiles acquired at SwissFEL with the PSI 800 nm and FERMI 900 nm free-standing WS are shown together with the plot of the fitting function. About the fit procedure of the acquired WS profiles, this was performed by means of a fit function resulting from the convolution of a Gaussian distribution and a rectangular shaped distribution modelling the transverse section of the WS stripe. In this way, the measured beam size resulting from the analysis of the beam profile is not affected by the finite geometrical resolution of the stripe provided that the electron beam size is at least of the order of the resolution limit. Under the assumption that the beam profile can be reasonably approximated by a Gaussian distribution with a standard deviation (σ), the convolution of the beam distribution with the rectangular distribution modelling the WS stripe leads to a fit function (erf-fit) that, in terms of the error function (erf), reads as
where a, b, c and σ are free parameters of the fit function (a accounting for the signal amplitude, b for the off-set and c for the centroid coordinates of the Gaussian and rectangular distribution functions) and w is a predefined constant parameter accounting for the stripe width. As shown in fig.(6) , the WS measurements are characterized by a different signal-to-noise ratio. This difference is explained by the different fabrication techniques of the PSI and FERMI WS structures. As already described in section III, the FERMI WS stripe being a sandwich structure Au/Si 3 N 4 /Au (Au total thickness about 1 µm) is characterized by a radiation length [21] about two times longer than the PSI WS which instead consists of a bulk Au stripe (Au total thickness about 2 µm). The FERMI WS resulted therefore less invasive (i.e. minor released dose) but with a more noisy signal. The best Au layer thickness has to be a trade-off between a proper signalto-noise ratio and the tolerable released dose.
In tab.(I) the comparison of the vertical size of the beam profile measured in the two distinct measurement sessions are reported. The measurements are the result of the average of 5 consecutive acquisitions. In both measurement sessions the beam transverse profile measured by the PSI and FERMI WS are consistent within the statistical errors.
A resilience test of the free-standing WS to the heatloading at high charge was performed as well. The test was carried out at the nominal high charge operation mode of SwissFEL (200 pC). No damage due to the heat-loading was observed in the free-standing WS after several and repeated series of measurements at a beam charge of 200 pC.
In conclusion, with reference to the data reported in tab.(I) and in fig.(6) , a beam transverse profile of less than 500 nm was consistently measured by both the PSI and FERMI free-standing WS with sub-micrometer resolution in two distinct measurement sessions at Swiss-FEL. The statistical consistency and reproducibility of the measurement results achieved at SwissFEL by the PSI and FERMI WS as well as the different fabrication technique and process -independently carried out by the two laboratories -constitute a confirmation of the reliability of the proposed solution of nano-fabricated free-standing WS with sub-micrometer resolution. The consistent outcome of the hereby reported experimental characterization of two different WS prototypes paved the way to the further development of nano-fabricated free-standing WS solution with sub-micrometer resolution which, thanks to an adequate beam clearance, can be used as a standard WS solution in a FEL.
V. CONCLUSIONS AND OUTLOOK
PSI and FERMI are independently pursuing a research and development program aiming at improving the spatial resolution of wire-scanners (WS) beyond the standard limit of the micrometer scale as well as the WS transparency to the lasing operations in a FEL. Nano-lithography permits to overcome the bottleneck of the micrometer resolution limit which characterizes the conventional WS design consisting of a metallic wire stretched over a metallic fork. It is indeed possible to nano-fabricate free-standing Au bulk or sandwich Au/Si 3 N 4 /Au WS stripes with a sub-micrometer width which are fully integrated into a silicon frame. In the present work, the production details and the experimental characterization of two different prototype solutions of nano-fabricated free-standing WS with a geometrical resolution of about 250 nm has been presented. The two free-standing WS prototypes with a stripe width of 800 and 900 nm have been nano-fabricated at PSI and FERMI, respectively. The PSI WS prototype consists of a 2 mm long bulk Au stripe, while the FERMI prototype consists of a 0.8 mm long stripe made of a sandwich of Au/Si 3 N 4 /Au. Both nano-fabricated WS prototypes have been in parallel tested at SwissFEL under a low-charge and low-emittance setting of the machine where a beam size of 400 − 500 nm has been consistently -and without any resolution limit issue -measured by the two WS solutions in two different experimental sessions. Moreover, an experimental test -still performed at Swiss-FEL under the nominal high charge mode of the machine (200 pC) -demonstrated the resilience to heat-loading of the nano-fabricated WS. The presently nano-fabricated free-standing WS solutions can ensure a beam clearance of about 2 mm. In order to extend the applicability of them as a standard WS solution in a linac driven FEL, the present beam clearance should be increased by a factor 4 − 5, at least. This improvement issue is in the to-do list of the further development program of design and nano-fabrication of free-standing sub-micrometer WS at PSI and FERMI. The hereby experimental campaign of measurement carried out at SwissFEL demonstrated the excellent performance of the PSI and FERMI freestanding WS in resolving electron beam profile with a sub-micrometer size and the reliability of two independent and different techniques of nano-fabrication. The way to the implementation of nano-fabricated WS with sub-micrometer resolution as a standard WS solution in a FEL is paved.
VI. APPENDIX
The reduction by a factor 3 − 4 of the beam-losses observable in fig.(1) -when passing from the 5 µm W to 12.5 µm Al(99):Si(1) wire -is consistent with a numerical calculation based on the formula expressing the energy radiated by a ultra relativistic electron in matter [21] :
where dE is the infinitesimal energy radiated by an electron of energy E when crossing an infinitesimal thickness dX of a material having a radiation length L R . With reference to eq.(2), by taking into account the ratio of the impact surface R W/Al = 0.4 of the W wire with respect to the Al(99):Si(1) wire, the relative ratio of the totally radiated energy by the electron beam in the two cases reads
where X W and X Al are the rms diameters of the wires, L W = 0.35 cm and L Al = 8.9 cm are the radiation length of tungsten and aluminium, respectively.
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